Effects of atmosphere-ocean coupling have been investigated using the CCSR/NIES/FRCGC coupled and atmospheric general circulation models (CGCM and AGCM). The latter is integrated with monthly sea surface temperatures (SSTs) taken from the former. The given SSTs being independent of the atmospheric fluctuations, the AGCM supplies more water vapor to the atmosphere to adjust larger air-sea temperature difference. In our AGCM, the summertime land temperatures are higher due to greater greenhouse effect, because the change of the cloud amount is too small to affect the radiative fluxes. More evaporation induces stronger rainfall in some regions, and circulation and moisture distribution control the horizontal distribution of rainfall. Hence the coupling effect in rainfall distribution could change if the climate condition changed. As an example in our model, the decoupling does not affect summer Japanese rainfall under the preindustrial condition but strengthens it under the global warming condition.
Introduction
Atmosphere-ocean coupled general circulation models (CGCMs) are effective to solve problems that involve atmosphere-ocean coupled processes. Because of computational resources or of technical restrictions, however, one often discusses the problem using the results from atmosphere-only general circulation models (AGCMs) with prescribed sea surface data. This approach would be adequate if the air-sea coupling was secondary to the problem.
Many have recently examined the adequacy of the use of the AGCM by comparing with the CGCM. Kitoh and Arakawa (1999) investigated this issue using an AGCM experiment with the prescribed sea surface temperatures (SSTs) obtained from the result of a CGCM integration. They found that the AGCM had heavier equatorial rainfall, because it missed the SST-cloud-radiation feedback and a part of the convection-evaporation-wind feedback, both of which suppress the effect of local SSTs. Wang et al. (2004) also pointed out that tropical precipitation was quite sensitive to local SSTs in the AGCM, which could deteriorate the prediction of Southeast Asian rainfall. Fu and Wang (2004) therefore suggested that the CGCM was more appropriate for the reproduction of Asia monsoon. Furthermore the AGCM misses climate variability with more than interannual timescales even in the midlatitudes (Watanabe and Kimoto 2000) . All the problems described above are attributed to the fact that the larger air-sea temperature difference produces larger heat flux, especially evaporation, in the AGCM (Yu and Mechoso 1999) .
The purpose of this study is to investigate the coupling effects using the CGCM and the AGCM as Kitoh and Arakawa (1999) . The June-July-August (JJA) season will be focused for the limit of the paper. After viewing model climatology in section 3, we will separately discuss the global aspect and a regional aspect of the atmosphereocean coupling in section 4.
Model and experiments
The model used is the CCSR/NIES/FRCGC 1 CGCM, MIROC 3.2, which contains five independent submodels for the atmosphere, ocean, land, river, and sea-ice, and the coupling among the submodels. The resolution of the model is the T106 (∼ 100 km gridsize) and 56 vertical levels for the atmosphere, about 0.56
• ×0.56
• and 5 soil layers for the land, and 1/4
• ×1/6
• and 48 vertical levels for the ocean. The Earth Simulator enables us to perform the experiments using the CGCM with such extremely high resolution compared with the CGCMs conventionally used in climate studies. The atmospheric and oceanic submodels are based upon the primitive equation. Parameterized are the processes such as radiative transfer, cumulus and oceanic convection, large-scale cloud condensation, atmospheric gravity wave drags, and turbulent mixing. The other submodels solve for processes on snow, soil and canopy water, runoff, riverflow, and sea-ices. No flux adjustment is applied in the coupling. We regard the atmospheric, land, and river submodels as the AGCM. See K-1 model developers (2004) and Kimoto (2005, in preparation) for more details.
First a 100-yr integration after the 109-yr spin-up period is performed using the CGCM under the preindustrial climate condition that the atmospheric composition in year 1900 is constantly given. On this run we archived the 20-yr data from 61st to 80th year in the integration. Two 20-yr AGCM runs are next performed under the preindustrial climate condition, starting from different initial conditions, but both with the monthly boundary condition, like SSTs, made from the archived result of the CGCM run. We will compare the CGCM run (C20) and the ensemble mean of two AGCM runs (A20) in the following sections. Similarly, one CGCM and two AGCM runs are performed under the global warming condition. In the CGCM run, carbon dioxide concentration increases by 1% per year starting from the C20 level and then during the archived period (from 61st to 80th model year) it is about twice as much as C20. We also compare the CGCM run (C21) with the ensemble mean of the AGCM runs (A21). Baiu/Meiyu front (strong rainfall regions from Southeast Asia to Japan), and very high temperatures in the hot deserts. The model can represent heavy rainfall in the Intertropical Convergence Zone, but it fails to reproduce the South Pacific Convergence Zone as the other coupled models do. It also represents well the westerly jet and stationary waves in the Southern Hemisphere.
Figures 1c and 1d show the global warming change (C21 minus C20) of JJA climatology. The greenhouse effect increases surface temperatures of 2-3 K over the ocean and 4-5 K over the continent. Rainfall increases around the equator as well as some parts of the monsoonal region, because the atmosphere can contain more water vapor due to the temperature increase. Such global warming response is almost consistent with the previous studies (Manabe and Wetherald 1975; Houghton et al. 2001) .
The MIROC CGCM reproduces observed features of the general circulation reasonably and estimates the global warming changes that are consistent with the previous studies. We used this CGCM result as the reference to evaluate effects of atmosphere-ocean coupling in the next section.
Effects of atmosphere-ocean decoupling

Evaporation
Evaporation is a key to discuss the difference between CGCM and AGCM results, as mentioned in the introduction. The AGCM, in which the SSTs are given and independent of the atmospheric fluctuation, tends to generate extremely large evaporation, probably because there is higher probability of the large air-sea temperature difference. Figure 2a displays the frequency distribution of daily evaporation in all the oceanic gridpoints in JJA. The decoupling actually increases the frequency of ∼ 300 W m −2 evaporation by 10% under the preindustrial climate and 20% under the global warming climate (Fig. 2b) . Since daily evaporation almost follows the log-normal distribution (Fig. 2a) , more frequent days and points with large evaporation increase the variation as well as the average of the data. Such decoupling effect over the ocean increases time-mean evaporation averaged not only over the oceans but also over the globe. The seasonal cycle of globalmean evaporation 2 (Fig. 3) indicates that the AGCM produces more evaporation throughout the year under both the preindustrial and the global warming conditions. The decoupling therefore supplies more water vapor to the atmosphere and affects both global and regional climate as follows. Figure 4a displays the precipitable water averaged over the land area in each latitude circle. (Including oceans in the average does not change the result.) More precipitable water resides in the Northern Hemisphere (NH) continent in the AGCM than in the CGCM. This enhances the greenhouse effect; in the NH, more downward and upward infrared radiative fluxes (Fig. 4b ) increase the surface temperatures over the continent (Fig. 4c) . The AGCM actually has more water vapor in the NH oceans (not shown), but the SSTs never increase because they are given. We notice the other aspect of the water vapor increase. It could lead to the increase of the cloud, which reflects the sunlight and tends to decrease surface temperatures. In the NH continent, our AGCM estimates the cloud amount and the incoming shortwave flux as much as the CGCM (not shown). Though we speculate that the cloud amount change may not be so large to influence the radiative flux in the higher latitudes, one should be careful about the model dependency on the cloud response to water vapor.
The global aspect
The shadings of Fig. 5 displays the geographical distribution of the surface temperature difference between AGCM and CGCM. The surface temperatures are actually higher in the AGCM (cf. Fig. 4c ), but the extent is slightly different from one region to another. We here provide three possible reasons for such distribution of the decoupling effect. The extent for the AGCM to overestimate the surface temperatures is greater over the semiarid regions such as central US and Mongolia to Ukraine. This is probably because higher temperatures take water from the dry land surface and then the drier surface induces much higher surface temperatures. Both two A20 ensemble members have actually lost water from the soil for about 10 years from the initial condition. By contrast, the temperature difference is quite small in Alaska. This is because more cold air is advected in the eastern edge of stronger anticyclone extending to the North Pacific (contour of Fig. 5 ). We finally remark the extraordinary higher temperatures in Northern JJA-mean sea-level-pressure (contour; interval is 0.5 hPa; zero contour omitted; negative contours dashed) and surface temperature (shadings) for (a) A20 minus C20 and (b) A21 minus C21. Canada. This may be a model dependent problem because the polar region temperatures are sensitive to how to give the sea-ice data.
A regional aspect
We will focus the summertime rainfall over the East Asia, where the decoupling effect is largest under the global warming condition. Figure 6 shows the effect of decoupling (A20 minus C20) on the rainfall and moisture flux over East Asia. Under the preindustrial climate condition (Fig. 6a) , there is more rainfall around the equator and around the Ganges and less rainfall around the Maritime Continent and in the most of monsoon regions, consistent with Fu et al. (2002) . Along the southern edge of the Baiu/Meiyu front, there is less rainfall corresponding to the weaker northward moisture flux from the tropics. A20 however gives Japanese rainfall similar to C20. Under the global warming condition (Fig. 6b) , similar to the preindustrial condition, the decoupling strengthens rainfall in the Ganges and along the equator except for the Maritime Continent. Around the Baiu/Meiyu front, however, it is completely different from that under the preindustrial climate. From Taiwan to Japan, there is heavier rainfall associated with more moisture flux convergence.
Such difference of the decoupling effect is presumably related to the moisture flux, which is controlled by circulation and moisture distribution. If the moisture increased and circulation did not change, the Japanese rainfall would increase. This may be the case of the decoupling effect under the global warming condition (Fig. 6b) . In contrast, the circulation does change under the preindustrial condition: the Bonin high (the anticyclone south of Japan) is shifted to the northward (cf. Fig. 5a ) and the northeastward flow is weakened along the western edge of the Bonin high (not shown). Hence under this condition, the decoupling change of circulation reduces the Japanese rainfall, while that of moisture has the effect to strengthen it. Eventually the decoupling does not change the Japanese rainfall so much. This is an example of the case that the decoupling effect would change if the climate condition changed. We need further studies for why the circulation is changed only under the preindustrial condition, but this is apparently beyond the scope of the study.
We finally discuss the extent of the decoupling effect of Japanese rainfall. Figure 7 shows the frequency distribution of the summertime daily rainfall over Japan. The distribution is quite similar between A20 and C20. A21 rather than C21, however, increases the heavier rainfall days with > 20 mm day −1 by 20% in the average summer. We suggest that, though this is not always serious in terms of meteorology, this might call for a sort of caution when one applies the global change estimation by the AGCM to the agricultural, industrial, and socio-economical issues.
Summary and discussion
We have compared the CGCM run with the AGCM ones under the preindustrial and global warming climate conditions to investigate the atmosphere-ocean coupling. With the SSTs given the monthly mean values obtained from the CGCM run under the same climate condition, the AGCM run actually generates more evaporation and supplies more water vapor to the atmosphere. This is because the AGCM tends to lead to the large air-sea temperature difference which should be adjusted only by the heat flux such as evaporation. More water vapor in the atmosphere could lead to the higher land surface temperatures through the greenhouse effect. Though it could lead to the cloud amount increase as well, this is not be crucial for our result.
We also investigate the decoupling effects on regional climate near Japan, as an example of the case that the decoupling effects to a regional climate could change if the climate condition changed. Under the preindustrial climate condition, the AGCM increases water vapor but weakens the southwesterly south of Japan, and therefore it has the Japanese rainfall similar to the CGCM. Under the global warming condition, in contrast, the AGCM estimates more moisture flux convergence and more rainfall over Japan than CGCM.
A remark is needed for the difference between the global warming signal and the decoupling effect. While the former makes the surface temperature increase globally (Fig. 1c) , the latter has only a moderate increase in land surface temperature due to no SST difference between AGCM and CGCM (Fig. 5) . However, the precipitation response is comparable between them (Figs. 1d and 6 ). This may be attributed to the fact that the precipitation is mostly influenced by local phenomena. Whether the temperature increase is large or small, both positive and negative anomalies may happen in precipitation. The amount of such rainfall anomaly is dependent upon the character- istics of regional climate rather than the anomaly of largescale circulation.
We here used monthly SSTs in the AGCM experiments mimicking most of the "time-slice" experiments for global warming projects. The use of SSTs with daily or shorter intervals would have been more adequate to examine the coupled effect. But we remark that evaporation may be even more enhanced in such a case and the impact of the decoupling might be clearer.
